Antibodies that block programmed death 1 (PD-1) protein improve survival in patients with advanced non-small-cell lung cancer (NSCLC) but have not been tested in resectable NSCLC, a condition in which little progress has been made during the past decade.
Neoadjuvant PD-1 Blockade in Resectable Lung Cancer
A ntibodies that block the immune inhibitory pathway of programmed death 1 (PD-1) protein have provided a major treatment advance in patients with cancer. 1 In some patients with advanced non-small-cell lung cancer (NSCLC), these drugs unleash antitumor immunity, resulting in tumor regression and improved survival. [2] [3] [4] [5] [6] Effective therapies are needed for patients with early-stage NSCLC. Five-year survival rates range from 50% for stage IA disease to 20% for stage IIIA disease, with most patients having postsurgical tumor relapse. 7 Perioperative platinum-based chemotherapy is associated with a survival rate that is only 5.4 percentage points higher than that with surgery alone, with rates of toxic effects of grade 3 or higher of more than 60%. 8, 9 PD-1 pathway blockade in patients with early-stage lung cancer may have enhanced antitumor effects owing to greater fitness of host immunity and reduced tumor clonal heterogeneity. 10 Neoadjuvant immunotherapy is attractive, since the primary tumor may be leveraged as an antigen source for expansion and activation of tumor-specific T cells and systemic surveillance of micrometastases. In addition, neoadjuvant approaches provide an opportunity to study the in vivo effect of PD-1 blockade on the primary-tumor microenvironment and peripheral blood.
We performed this pilot study to examine the safety and feasibility of the use of neoadjuvant nivolumab in a small group of patients with early NSCLC. We also examined the relationship between the tumor genomic profile and the pathological response, the effects of nivolumab on the primary-tumor microenvironment, and the dynamics of intratumoral and peripheral neoantigenspecific T-cell clonotypes.
Me thods

Patients
Eligible patients were 18 years of age or older and had stage I, II, or IIIA NSCLC that was deemed to be surgically resectable before enrollment. All the patients had an Eastern Cooperative Oncology Group performance-status score of 0 or 1 (on a 5-point scale in which higher numbers reflect greater disability), normal organ function, and adequate pulmonary function. 11 Key exclusion criteria were immunodeficiency, ongoing systemic immunosuppressive therapy, active autoimmune or infectious disease, and clinically significant concurrent cancer.
Study Design
This single-group study was developed by the authors and conducted at two medical centers in the United States. The patients received two doses of intravenous nivolumab (at a dose of 3 mg per kilogram of body weight) every 2 weeks. It was planned that surgery would be performed approximately 4 weeks after the first dose. All the patients provided written informed consent.
The primary end points were safety and feasibility. The key secondary and exploratory end points were radiologic and pathological responses to treatment and immunologic, genomic, and pathological correlates of response in blood and tumor ( Fig. S1 in Supplementary Appendix 1, available with the full text of this article at NEJM.org).
All the patients were monitored for adverse events, according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0.
12 Feasibility was prospectively defined as any delay in the planned surgery of no more than 37 days (i.e., a surgical delay of >30 days and 7 days for scheduling). In a safety run-in phase, an initial 6 patients were followed for perioperative adverse events of grade 3 or 4 for 90 days after the administration of the last nivolumab dose (or day 30 after surgery). With the goal of exploring the antitumor immune response in depth, the study then expanded to enroll a total of 20 patients who underwent complete tumor resection.
All the patients underwent baseline tumor staging, including pretreatment biopsy, pathological evaluation of mediastinal lymph nodes (if indicated) by means of bronchoscopy or mediastinoscopy, positron-emission tomographycomputed tomography (PET-CT), and contrastenhanced CT or magnetic resonance imaging of brain and chest; chest CT was repeated within 7 days before surgery. Changes in tumor size were evaluated according to Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1.
13
Resection of the primary tumor and lymph nodes was completed according to institutional standards. All the patients were offered conventional adjuvant chemotherapy or radiotherapy, if such therapy was clinically indicated, and were followed for recurrence-free and overall survival.
T h e ne w e ngl a nd jou r na l o f m e dicine
Study Oversight
This study was approved by the institutional review boards at Johns Hopkins University and Memorial Sloan Kettering Cancer Center. The study was designed and the manuscript was written by the authors, who vouch for the accuracy and completeness of the data reported and adherence to the study protocol. No one who is not an author contributed to the writing of the manuscript. Nivolumab was supplied by BristolMyers Squibb; the company played no other role in the study or the report. The study protocol is available at NEJM.org.
Pathological Assessments
Primary lung tumor and lymph-node surgical specimens were staged according to the criteria of the American Joint Committee on Cancer (seventh edition) for evaluating tumor size, affected lymph nodes, and metastases. 7 Primary tumors were assessed for the percentage of residual viable tumor that was identified on routine hematoxylin and eosin staining, and tumors with no more than 10% viable tumor cells were considered to have had a major pathological response.
14, 15 The results of immunohistochemical and multiplex immunofluorescence analyses of tumors are described in the Methods section in Supplementary Appendix 1.
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Exome Sequencing and Neoantigen Prediction
Details regarding whole-exome sequencing, which was performed on pretreatment tumor samples and matched normal tissue samples, and bioinformatics analyses are provided in Supplementary Appendix 2, available at NEJM.org. We compared tumor and normal sequence data to identify somatic and germline alterations using the VariantDx software pipeline, focusing on single-base substitutions, small insertions and deletions, and copy-number changes. 17 We applied exome data combined with each patient's major histocompatibility complex (MHC) class I haplotype in a neoantigen prediction platform that evaluates binding affinities of somatic peptides to class I MHC, antigen processing, self-similarity, and gene expression.
18
Immunologic Analyses and T-Cell Receptor Sequencing
We performed assays to evaluate immunologic correlates, as described in the Methods section in Supplementary Appendix 1. Briefly, we used T-cell receptor DNA sequencing to define T-cell clonal distribution and functional specificity for mutant tumor antigens.
Statistical Analysis
Side effects, adverse events, and feasibility were continuously monitored. We made the assumption that treatment would not be feasible if the probability that surgery would be delayed was 90% or more for more than 25% of the patients. We also determined that the treatment was not safe if the probability was 70% or more that the risk of grade 3 or 4 toxic effects was more than 25%. We used the reverse Kaplan-Meier method to calculate the median duration of follow-up. The follow-up range includes all follow-up times. We calculated recurrence-free survival from the date of surgery until disease recurrence or death using the Kaplan-Meier method.
We performed pathological, genomic, and immunologic analyses on available biospecimens, and correlative data were analyzed as described in the Methods section in Supplementary Appendix 1. Reported P values are two-sided, and the significance level was set at 0.05 for all analyses unless otherwise noted.
R esult s
Characteristics of the Patients
From August 2015 through October 2016, we enrolled 22 patients, all of whom received at least one dose of nivolumab. Of these patients, 21 were eligible for inclusion in the study (Table 1). Among them, 62% had adenocarcinoma, 81% had stage II or IIIA disease, and 86% were current or former smokers. One patient was discovered to have small-cell lung carcinoma and discontinued the study treatment.
Safety and Feasibility
Neoadjuvant nivolumab was not associated with any previously unreported toxic effects. Treatmentrelated adverse events of any grade occurred in 5 of 22 patients (23%; 95% confidence interval [CI], 7.8 to 45.4), and only one event was of grade 3 or higher (Table S1 in Supplementary Appendix 1). Of the 22 patients, 20 received the two planned doses of nivolumab; one patient with grade 3 pneumonia underwent an uncomplicated surgical resection after one dose of nivolumab, and another was deemed to be ineligible for the study according to the protocol. There were no treatment-related surgical delays, as defined in the protocol. The median interval between the administration of the second dose of nivolumab and surgery was 18 days (range, 11 to 29), and 20 of the 21 eligible patients (95%) underwent complete tumor resection. During surgery, one patient with stage IIIA NSCLC was found to have tracheal invasion, so complete tumor resection could not be performed.
Clinical Activity
Representative radiologic and pathological responses after two preoperative doses of nivolumab are shown in Figure 1 . Of the 21 patients who had radiographic results that could be evaluated, 2 patients (10%) had a partial response, 18 (86%) had stable disease, and 1 (5%) had disease progression. Among the 20 patients who had undergone resection, pathological down-staging from the pretreatment clinical stage occurred in 8 patients (40%) (Tables S2 and S3 in Supplementary  Appendix 1) .
At a median of 12 months of postoperative follow-up (range, 0.8 to 19.7), 16 of 20 patients (80%) who had undergone surgical resection were alive and recurrence-free. One patient without recurrence died from a traumatic head injury that was unrelated to the study treatment. Three patients had disease progression. The first patient, who had 75% residual primary tumor at resection, was found to have a solitary brain lesion 2 months after surgery; after treatment with stereotactic radiation therapy, the patient had no further recurrence at more than 16 months of follow-up. A second patient, who had 5% residual tumor at resection, had a mediastinal lymph-node recurrence that was treated with concurrent chemotherapy and radiation therapy and was free from * A major pathological response was defined as the identification of 10% or less of residual viable tumor cells in the resected primary tumor. Percentages may not total 100 because of rounding. † One patient's tumor was unresectable and therefore could not be evaluated for pathological response. ‡ Other histologic diagnoses were pleomorphic carcinoma in a patient with a major pathological response and adenosquamous carcinoma in a patient without a major pathological response. § The clinical disease stage was evaluated according to the criteria of the American Joint Committee on Cancer, seventh edition. 
Pathological Findings after Neoadjuvant PD-1 Blockade
A major pathological response occurred in 9 of 20 patients (45%; 95% CI, 23 to 68) who had samples that could be evaluated ( Fig. 2A , and Table S3 in Supplementary Appendix 1). Three patients had a complete pathological response (i.e., no viable tumor cells) in the primary tumor; however, one of these patients had residual tumor in hilar lymph nodes (Fig. 1A , and Fig. S7 in Supplementary Appendix 1). The median degree of pathological regression in the primary tumor was −65% (range, −100 to 0). Despite apparent tumor enlargement on preoperative CT (possibly because of immune-cell infiltration into the tumor), one patient had a major pathological response (Fig. 1B) , and another had a complete pathological response. In primary tumors with a major pathological response, we observed large numbers of infiltrating lymphocytes and macrophages, a finding that was compatible with an immunologic mechanism of response, along with necrotic tumor associated with fibrotic tissue repair. The expression of programmed death ligand 1 (PD-L1) could be evaluated in pretreatment biopsy samples obtained from 15 patients (Table S2 in Supplementary Appendix 1). A major pathological response occurred in both PD-L1-positive and PD-L1-negative tumors ( Fig. 2A) . One patient with a major pathological response had three pretreatment biopsy samples with PD-L1-negative tumor cells but PD-L1-positive infiltrating immune cells. To further explore this case, multiplex immunofluorescence analysis was performed. A pretreatment specimen contained PD-L1-positive, CD68+ macrophages abutting PD-1-positive, CD8+ T cells (Fig. 2B) . The surgical specimen contained an influx of CD8+ T cells and had a higher expression of PD-L1 on immune cells than was found in the pretreatment biopsy sample, a finding that was consistent with an adaptive PD-L1 up-regulation mechanism (Fig. 2C) . 19, 20 
Genomic Analyses
To examine the landscape of genomic alterations, predicted neoantigens, and their potential asso- T h e ne w e ngl a nd jou r na l o f m e dicine ciation with pathological response, we performed whole-exome sequencing of pretreatment tumors obtained from 12 patients who had adequate available tissue (Tables S4 through S7 in Supplementary Appendix 2) . 17 A median of 92 somatic mutations (range, 5 to 366) per tumor were noted and specific driver mutations identified, including in TP53, KRAS, CDKN2A, ARID1A, NOTCH1, and RB1, findings that were consistent with previous observations in patients with NSCLC (Tables S8,  S9 , and S10 in Supplementary Appendix 2 and Fig. S3 in Supplementary Appendix 1). 21, 22 Of the 12 patients who provided samples for sequencing, 11 had undergone complete tumor resection and could be evaluated for tumor response. Among these 11 patients, a significantly higher mean (±SE) mutational burden was observed in tumors with a major pathological response than in tumors without a major response (311±55 vs. 74±60, P = 0.01 by exact Wilcoxon test) (Fig. 3A) . The number of sequence alterations was inversely associated with the percentage of residual tumor (Fig. 3B) . No significant correlation was noted between the mutational burden and tumor PD-L1 expression. Candidate mutationassociated neoantigens were computationally predicted from somatic variants in pretreatment tumors and therefore were proportional to the mutational burden. On average, 89 algorithmpredicted, mutation-associated neoantigens per primary tumor were identified (median, 63; range, 1 to 219) (Table S8 in Supplementary Appendix 2). There was a correlation between the candidate mutation-associated neoantigen burden and the pathological response, a finding similar to that for the mutational burden (Fig. S4 in Supplementary Appendix 1).
We investigated the potential enrichment of alterations in specific genes or gene pathways, including Ras signaling, DNA repair, and interferon-γ, but did not identify differential enrichment in patients with or without a major pathological response. We found no alterations in immunerelated genes of interest, including CD274, PDCD1, CTLA4, B2M, and HLA, or inactivating mutations in JAK1 and JAK2.
Dynamics of Antitumor Immune Response
To test the hypothesis that nivolumab increased the frequency of tumor-specific T-cell clones in the tumor as well as systemically, we initially performed deep sequencing of T-cell receptor-β chain CDR3 regions (TCRseq) to examine the effects of the drug on the repertoire of T-cell clones found both in tumors and in peripheral blood in 9 patients (3 with a major pathological response and 6 without a major pathological response) (Table S2 in Supplementary Appendix 1) . At the time of resection, tumors with a major pathological response had a higher frequency of T-cell clones that were shared between intratumoral and peripheral compartments and a higher clonality of the T-cell population (i.e., a higher proportion of total T cells constituted by a restricted number of distinct clones) than did tumors without a major pathological response (Fig. S5A in Supplementary Appendix 1) . This finding is in concordance with analyses in patients with advanced melanoma, who had increased clonality of tumor-infiltrating lymphocytes in response to PD-1 blockade. 24 After treatment, 8 of 9 patients for whom blood samples obtained before and after treatment were available had peripheral expansion of multiple T-cell clones that were also found in the tumor at the time of resection. Many of these clones were not detected in the peripheral blood before treatment (Fig. S6 in Supplementary Appendix 1).
Longitudinal analysis of Patient 1, in whom the primary tumor had had a complete pathological response (Fig. 1A, and Tables S2 and S3 and Fig. S7 in Supplementary Appendix 1) , showed a large but transient expansion of shared intratumoral T-cell clones in the peripheral blood after treatment initiation and before surgical resection. All these clones were more frequent in the resected tumor than in normal lung tissue (Fig.  S5B in Supplementary Appendix 1) .
To address the hypothesis that a substantial component of antitumor immunity after PD-1 blockade is directed toward mutation-associated neoantigens, we used a recently described assay to identify and functionally evaluate mutationassociated, neoantigen-specific T-cell clones in blood obtained on the day of nivolumab initiation (day −28) and at 44 days after surgery (day 44). 25 We used 47 candidate neoantigen peptides to stimulate CD8+ lymphocytes in culture, and T-cell clonal expansion was analyzed by means of TCRseq. A statistical algorithm was used to define mutation-associated neoantigens that induced specific expansion of at least one T-cell clone. In pretreatment blood samples, specific T-cell responses were detected against 19 of the 47 candidate mutation-associated neoantigens, 7 of which were still detectable at day 44. In addition, 7 new mutation-associated, neoantigenspecific T-cell responses had developed by day 44, which supports the notion that neoadjuvant PD-1 blockade induces new systemic tumor-specific reactivity. Three T-cell clones in peripheral blood samples that were obtained on day 44 and that were reactive against mutation-associated neoantigen number 7 collectively represented 1.7% of all lymphocytes infiltrating the pretreatment tumor specimen; these clones were also detected in both a resected lymph node without tumor infiltration and a resected lymph node that was microscopically infiltrated (Fig. 4) . These clones, which expanded in an independent replicate stimulation, showed transient expansion in peripheral blood after the initiation of PD-1 blockade, a finding that was reminiscent of antiviral T-cell responses.
Discussion
We observed that neoadjuvant administration of two doses of nivolumab in patients with earlystage lung cancer was associated with few immediate adverse events, did not delay planned surgery, and led to a major pathological response in 45% of tumors that could be evaluated. Despite the high rate of major pathological response on histologic examination of the primary lung tumors, only two patients had a radiologic partial response. Two patients in whom tumors had increased in size on presurgical CT scans (although the increase was less than RECIST-defined progression) were found to have minimal or no residual tumor in the surgical specimen. These findings represent pathological evidence supporting the possibility that some patients may derive clinical benefit from immunotherapy without initial radiographic tumor shrinkage and that this process occurs because of immune-cell infiltration into the tumor, rather than true tumor growth. 26, 27 We also examined the possibility that neoadjuvant PD-1 blockade could enhance the systemic priming of antitumor T cells, thereby potentially eliminating micrometastatic cancer that otherwise might cause postsurgical relapse. Preclinical tumor studies in mice had underpinned this concept. 28 Studies in mice had also shown the importance of dendritic cells in the antitumor effects of PD-1 pathway blockade, which suggested that PD-1 blockade not only worked to directly unleash intratumoral T-cell killing but also enhanced tumor antigen-driven priming of T cells. 29 Indeed, PD-1 blockade had been shown to enhance T h e ne w e ngl a nd jou r na l o f m e dicine the early stages of T-cell activation in lymph nodes. 30 We hypothesized that when neoadjuvant PD-1 inhibitors are administered, tumor-specific T cells are expanded in the primary tumor mass (as has been shown in advanced melanoma) and will then travel systemically to other tissues and seek out the micrometastatic tumor deposits that drive postsurgical relapse. This notion is supported by our findings that a substantial number of T-cell clones that had expanded in the peripheral blood after PD-1 blockade were found in the tumor and that the sum proportion of T-cell clones that were An antigen-recognition assay that evaluates in vitro expansion of T-cell clones after peptide stimulation was performed with the use of 47 algorithm-predicted, candidate mutation-associated neoantigens on peripheral-blood T cells obtained from Patient 1 before the administration of nivolumab (on day −28) and after administration (on day 44 after surgical resection) to determine the repertoire of functional mutation-associated neoantigen recognition. Seven mutation-associated neoantigens were recognized at both time points. The 47 peptides that were chosen for analysis represented the top 10 ImmunoSelect-R pipeline (Personal Genome Diagnostics) peptides that were predicted to bind specifically to each of the patient's five HLA class I alleles. Three peptides were excluded because they were predicted to bind multiple HLA alleles. Three T-cell clones from a peripheral-blood sample obtained on day 44 that specifically expanded in culture to mutation-associated neoantigen (MANA) number 7 were found in the pretreatment tumor-biopsy specimen and the resection specimen (Panel A). Also shown are the frequencies of the three T-cell clones in longitudinal analysis of peripheral-blood T cells before and after treatment (Panel B) and in a tumor-biopsy sample before treatment, in resected tumor, in normal lung, and in tumor-involved and tumor-uninvolved lymph nodes at resection (Panel C). TCR Vβ CDR3 AA denotes T-cell receptor Vβ complementarity-determining region 3 amino acid. shared between tumor and peripheral blood before treatment was significantly higher in patients who went on to have a major pathological response. Using our assay for evaluation of the T-cell repertoire, we showed in a patient with a major pathological response that T-cell clones specific for mutation-associated neoantigens were rapidly expanded in peripheral blood after neoadjuvant PD-1 blockade. Three of these clones were found in the resected tumor and lymph nodes. The achievement of a major pathological response in patients with early-stage lung cancer was highly associated with an increased tumor mutational burden, a finding that was reminiscent of responses to PD-1 blockade in patients with advanced NSCLC. More important, our findings indicate that the mutational burden is a primary determinant of the depth of pathological response to PD-1 blockade. Furthermore, after PD-1 blockade, multispectral analyses of a tumor with a major pathological response showed new infiltration with PD-1-positive CD8+ T cells. A major pathological response was observed in some tumors lacking tumor-cell PD-L1 expression but in which infiltrating immune cells were highly positive for PD-L1, findings that are reminiscent of PD-L1 expression patterns in colorectal cancers with mismatch-repair deficiency. 31 Neoadjuvant treatment is conventionally used to shrink tumors before surgery. The response to neoadjuvant therapy as assessed at the time of surgery may also be prognostic. In a study of neoadjuvant chemotherapy for nonsquamous NSCLC, 22% of tumors had a major pathological response to therapy, and such responses were associated with long-term survival. 32 In this context, the rate of major pathological response of 45% that was reported in our pilot study is encouraging, as is the relatively low number of recurrences after a median of 1 year of follow-up. In other studies, retrospective analyses have suggested that the occurrence of a major pathological response after neoadjuvant chemotherapy was associated with improved recurrence-free and overall survival, and this association may be stronger than other potential surrogates. 14, 15 The limitations of our study include, but are not limited to, the small number of patients who were enrolled and the short postoperative follow-up period. Larger studies are needed to determine the most effective duration of neoadjuvant therapy and the best predictive biomarkers of response and to correlate the pathological response resulting from neoadjuvant immunotherapy with overall survival. Neoadjuvant immune checkpoint blockade is being investigated across a diverse range of tumor types and settings, including phase 3 trials in breast cancer and NSCLC (ClinicalTrials.gov numbers, NCT03036488, NCT02998528, NCT02519322, NCT02296684, NCT02845323, and NCT02575222). Long-term follow-up of these studies will be necessary to define the role of neoadjuvant PD-1 blockade in reducing recurrences and curing early-stage cancers.
